
Friday 3rd March 2017
(Answers available on Monday 13th March)

Quantum Physics Problem Sheet 5

1. A particle of mass m is confined within a potential well of the form:

V (x) =

{
0 0 < x < d ,
∞ otherwise .

Write down the time-independent Schroedinger equation for this system, and verify that
the wavefunctions

ψ(x, t) =


√
2

d
sin (nπx/d) for 0 < x < d ,

0 otherwise .

where n = 1, 2, ...., are normalised eigenfunctions. Find the corresponding energy eigenval-
ues?

2. Assuming that a nucleus can be modelled as an infinite potential well of width d = 10−15m,
estimate the energy a nucleon (mass 1.67 × 10−27kg) emits as it falls from the n = 2 to the
n = 1 level.

3. For the energies of the first few bound states a deep semiconductor quantum well can be
approximated as an infinite square well binding an electron. These structures can be used
for light source applications if the transition energies between the states of the well lead to
the appropriate wavelengths for an application. [Although in general in a seminconductor an
electron has a changed effective mass here we shall assume the normal electron mass].

(a) For an emission at λ = 550nm, what should the energy spacing be between the lowest
states of the well (assume these to be the n = 1 and n = 2 states)

(b) What width of quantum well will provide this energy level spacing?

(c) There are several strategies that might be used to achieve a shorter wavelength emission,
for instance using a narrower well or utilising transitions of a higher lying state to the n = 1
state. To generate an emission at = 320nm what would the quantum well width need to
be changed to? Without changing the well width how might this transition wavelength be
achieved?

4. Sketch the wavefunctions that result in the following situations*:

(a) A particle confined in the lowest energy state of an infinite potential well.
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(b) A particle confined in the lowest energy state of a finite potential well.

(c) A free particle travelling initially to the right that encounters a potential step that is lower
than its kinetic energy.

(d) A free particle travelling initially to the right that encounters a potential barrier that is
higher than its kinetic energy.

* Since a wavefunction may be complex it is not generally posible to "sketch", but in this
question think of it as an exercise in sketching

√
|ψ|2 if it makes you feel better

5. A proton with initial kinetic energy 50.0 eV encounters a barrier of height 70.0 eV. What is
the width of the barrier if the probability of tunneling is 3.0× 10−3? How does this compare
to the barrier width for an electron with the same kinetic energy tunneling through a barrier
of the same height with the same probability? [From Young and Freedman]

Assessed Problem

6. Consider a particle of mass m travelling with a kinetic energy E through a region of space
with no potential and encountering a potential step of height V0.

(a) What is the reflection coefficient if E = 2.1V0?
(b) What is the transmission coefficient if E = 2.1V0?
(c) What is the reflection coefficient if E = 1.05V0?
(d) What is the transmission coefficient if E = 1.05V0?
(f) What is the reflection coefficient if E < 1.0V0?
(2 marks for each part)

Tutorial Problem

7. We are going to consider the strong field ionization of a 1 electron atom in a laser field. To do
this we will consider a 1-dimensional version of the Coulomb potential and the form of the
potential due to an external electric field E(t) which is V (x, t) = exE(t). If this electric field
is due to a laser it will have a cos(ωt) time dependence, which means that the atomic potential
will be maximally altered when cos(ωt) = ±1.

(a) By first writing down the form of the combined potential at the time of maximum distor-
tion, and perhaps sketching it, explain qualitatively how the atom may ionise (i.e. the bound
electron escapes) in a strong laser field.

(b) In a very strong field the potential may be so distorted that an electron in an initially bound
state will no longer see a barrier sufficient to bind it in the atom, then so called "‘Over the
Barrier"’ or OTB ionisation may occur. By considering where the local maximum may occur
in the combined potential of an atom and the laser field work out the value of the field at this
local maximum. From this estimate the field strength that would be required to OTB ionize
the ground state of a H atom.
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(c) Discuss with your group ways that building on your results from the earlier parts of the
question you might estimate the quantum tunnel ionization rate at lower intensities. Hint:
What is the width of the barrier? What is the height of the barrier if the distorting field is well
below the OTB limit?

Physical Constants

me ≈ 9.11× 10−31 kg ≈ 511 keV/c2

mn ≈ 1.67× 10−27 kg
atomic mass unit ≈ 1.66× 10−27 kg

h ≈ 6.63× 10−34 Js
h̄ ≈ 1.05× 10−34 Js
c ≈ 3.00× 108 ms−1

e ≈ 1.60× 10−19 C
kB ≈ 1.38× 10−23 JK−1

NA ≈ 6.02× 1023

RH ≈ 1.097× 107 m−1

ε0 ≈ 8.85× 10−12 C2J−1m−1
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